This study develops an optimal performance monitoring metric for a hybrid free space optical and radio wireless network, the Outage Capacity Objective Function. The objective function-the dependence of hybrid channel outage capacity upon the error rate, jointly quantifies the effects of atmospheric optical impairments on the performance of the free space optical segment as well as the effect of RF channel impairments on the radio frequency segment. The objective function is developed from the basic information-theoretic capacity of the optical and radio channels using the gamma-gamma model for optical fading and Ricean statistics for the radio channel fading. A simulation is performed by using the hybrid network. The objective function is shown to provide significantly improved sensitivity to degrading performance trends and supports of proactive link failure prediction and mitigation when compared to current thresholding techniques for signal quality metrics.
Introduction
Current techniques of free-space optical (FSO) and radio frequency (RF) link performance measuring and monitoring are traditionally applied at the physical and lower link layer, at the RF and FSO signal in space (SiS) and at the bit/packet levels. Performance metrics commonly used include received signal level, optical signal-to-noise ratio (OSNR) for the optical links, quality (Q) factor, eye diagram, signal-to-noise ratio (SNR) or signal-to-interference ratio (SIR) for the RF links, and bit error rate (BER). Traditional methods of link health analysis include observation of these parameters in attempt to determine their trends. In good atmospheric conditions the received optical signal level and OSNR will be high and will fluctuate within some previously-defined normal range as determined by the optical channel fading characteristics. In good RF propagation conditions, the received signal level will be correspondingly high as the SNR/SIR, and in turn it will also fluctuate within a bounded acceptable range. Degrading optical conditions of the atmosphere will in turn degrade the received optical signal level and OSNR. Degrading RF propagation conditions, such as fading and multipath will have similar effects upon the received signal level, SNR, and/or SIR.
The error correcting codes (ECCs) used in most digital communications systems provide excellent performance until a specific threshold of SNR is exceeded at which point the error rate increases rapidly. In most cases, by the time the performance monitor (PM) component of the network management system (NMS) has determined that the SNR and other performance metrics have crossed the acceptable threshold, user data are lost. Current methods of thresholding by themselves are therefore inadequate to predict link failure.
In poor transmission conditions the NMS institutes corrective actions consisting of reducing the transmitted data rate, increasing the signal power, instituting more frequent retransmissions (usually managed independently by the link layer protocol used in the network), or combinations of these techniques. Traffic offloading and rerouting may also be used to reassign traffic and better performing links in lieu of those with degraded perform-ance temporarily until transmission conditions improve and the PM observes the performance metrics to once again cross their acceptable thresholds.
The optimal performance monitoring function developed in this study is the Outage Capacity Objective Function ("Objective Function"). The objective function is defined as the outage capacity of the hybrid FSO/RF channel as a function of BER. It is demonstrated that the objective function provides an extremely sensitive measure of the network performance, identifying impending failure well in advance of signal quality thresholding alone.
Network Topology and Characteristics
This hybrid FSO and radio wireless network considered in this study has the topology shown in Figure 1 . The network characteristics are described below: 1) Wavelength, Frequency, and Structure: The FSO channels operate at the "long" mid-infrared (MIR) wavelength of 10,000 nm. Studies in this range of wavelengths predict improvements in performance over shorter wavelengths (see Related Work, below). The frequency of the RF channels is 1.9 GHz, a widely used band in cellular radio systems.
2) Propagation: Line-of-sight (LOS) propagation is assumed for both the FSO and RF links.
3) Cellular Topology: The RF segment utilizes a cellular topology with 12 cells and K users per cell. Handoff is used as in commercial cellular systems.
4) MIMO:
The FSO channels are analyzed for the single input-single output (SISO) case using only one transmitter and receiver, and the multiple input-multiple output (MIMO) case. The objective function is produced for both SISO and several MIMO levels.
Each RF transceiver is capable of communicating with the co-located FSO transceiver using a baseband digital link. This allows the optical and RF transceivers to balance user traffic between the FSO and RF links (for simplicity these cross-links are not shown on the network diagram).
Outage Capacity
The outage capacity, C, for both the optical and RF channels is defined as the maximum throughput (load) that the hybrid channel can support at a given BER:
The outage capacity of the optical and RF channels is determined from the application of information theory to the fading statistics of the channels.
The optical channel capacity is determined by the instantaneous mutual information of the channel and its fading distribution. Information theory shows that the capacity of the channel is the mutual information of the channel maximized over all possible distributions of inputs. This assertion is valid in the absence of fading. In the presence of fading, the instantaneous capacity of the channel is the product of the instantaneous mutual information conditioned upon the channel information and the instantaneous value of the signal intensity (fading) is determined by the instantaneous mutual information, T(p,x), where x is the instantaneous channel realization given the instantaneous channel state, i, conditioned upon the probability distribution function (PDF) of the irradiance (the fading distribution), f i (x), and p, the power distribution of the N MIMO transmitters:
Rewriting the outage capacity in terms of the mutual information and the fading distribution:
Related Work
MIR wavelengths have been shown to improve FSO performance due to lower Mie scattering losses in [1] and [2] . Studies [2, 3] , and [4] have demonstrated that atmospheric FSO channel fading is accurately characterized by the Gamma-Gamma distribution. In the gamma-gamma statistics two independent fading models that characterize the fading effect of strong and weak turbulence, including scattering and scintillation are used. Each of the distributions is a gamma distribution and is an extension of prior studies that establish a doubly-stochastic model as the optical fading channel. Influence of diversity methods on the RF channels has been studied in [5] . Performance improvements in FSO at MIR wavelengths are considered in [6] . Effects of atmospheric turbulence, as well as further support of the Gamma-Gamma fading
Open Access CN B. M. SCHMIDT 307 distribution on FSO channel capacity have been studied in [7] and [8] . The effect of pointing errors and misalignment on the outage capacity of purely FSO channels has been investigated in [9] and [10] .
Instantaneous Mutual Information
The instantaneous mutual information of the channel is a measure of the dependence between the random variables that characterize the channel: p, i, and x (4):
, log , ,
In the information-theoretic sense, the mutual information quantifies the degree to which knowing any of the random variables p, x, and/or i reduces the uncertainty about the others. In many analyses of channel capacity (including this one) and/or error performance knowledge of the channel state i increases the mutual information. When channel state is unknown or unreliable, estimation methods may be used to obtain these values.
The channel capacity is the instantaneous mutual information of the channel maximized over all possible distributions of the transmitted information:
Expanding this equation produces (6):
and is used in developing the outage capacity for the gamma-gamma channel. The outage capacity is the maximum throughput of the channel at a given specified error probability (which, in turn, implies a specific BER at that rate).
Outage Probability
An analytical derivation of the exact outage probability for the gamma-gamma model is an intractable problem in closed form [4] . Instead, the asymptotic behavior of the outage probability as a function of OSNR and the lower bound is investigated.
The error probability with respect to (conditioned upon) the instantaneous mutual information, instantaneous channel realization, and the data rate R can be stated as:
The probability of an error at a given OSNR and data rate is simply the probability of the instantaneous mutual information of the channel being less than the data rate. This is intuitive since the instantaneous mutual information of the channel averaged over the inputs represents the information capacity of the channel under the given impairment conditions (that is, OSNR) while the data rate represents the transmission rate required by the user. The Shannon-Hartley theorem imposes an upper bound on the capacity of any channel as a function of the bandwidth and the SNR. The summations in the mutual information Equation (4) may be expressed in terms of the Shannon capacity and (2) rewritten as (8):
where: L is the length of the transmitted block in codewords, z q are additive white Gaussian noise (AWGN) samples with zero mean and variance (normalized power) 1, x q is the channel realization when codeword q is received, and Q is the number of codewords. The inner term of the summation in (8) is the mutual information of an AWGN channel with an OSNR of . The asymptotic behavior of the outage probability can be determined by introducing the OSNR exponent, defined as:
where P is the total transmitted power of the M transmitters. Evaluating (9) using the Shannon capacity while substituting the Shannon-Hartley equation for the rate R yields:
where B is the system bandwidth, N is the number of receivers in the MIMO system, and R c is the binary code rate, which is:
A strategy to maximize the outage capacity in the gamma-gamma channel is to allocate the transmitted power among the N transmitters so as to satisfy the condition of (7) being minimized as much of the time as possible.
In this analysis, the transmit power is equally allocated to each of the M transmitters (instantaneous power at each transmitter is 1/M). Allocating the transmitted power to the transmitters is subject to both the short and Open Access CN B. M. SCHMIDT 308 long term power constraints of the system. In the short term, more power than the total available system power can be allocated to a subset of the transmitters if that optimizes the instantaneous mutual information rate under at that particular OSNR. The long term power, which is the expected value of the short term power, places a limit on how long such short-term allocation can be performed. The SNR exponent corresponding to the long term power constraint is the same as the short-term power constraint SNR exponent when the value of the SNR exponent is less than 1. If the value of the (short-term power constraint) SNR exponent is greater than 1, the long-term SNR exponent is infinite. In this case the outage probability curve slope is infinite and there is an instantaneous increase in the outage probability under these conditions.
The optimal OSNR exponent and thus the outage probability is a strong function of the number of transmitters and receivers in the MIMO system, specifically their product MN. As will be shown in the results, as the number of transmitters and receivers are increased (hence, the product MN) the ultimate floor of the outage probability drops at a sufficiently high OSNR. This demonstrates the value of spatial diversity which is one of the reasons for using a MIMO system. However, the slope of the outage probability curve increases with increasing MN. This results in a tradeoff of the minimum outage probability vs slope or tolerance to OSNR. In systems having low OSNR (which is the usual case for FSO systems) it is advantageous to maximize the number of transmitters and receivers. In this case, the high slope of the outage probability as a function of OSNR can be tolerated since the high OSNR/low outage probability mode will be the usual operating condition. If the system operates over a wide range of OSNR, particularly in low OSNR regime, it is advantageous to have a smaller number of transmitters and receivers. This is borne out by the fact that at low OSNR, the outage probability increases rapidly as the OSNR decreases. In this case, the ultimate minimum outage probability is traded off. If MN were to be large in this case, there would be frequent cases where the outage probability rapidly increases to 1 over a narrow range of (decreasing) OSNR.
Outage Capacity of the Optical Channel
In considering the effect of the gamma-gamma channel (or any other optical fading channel) it is realized that the received signal irradiance in any fading channel is the equal to the received signal in an AWGN channel scaled by the instantaneous value of the fading. The distribution of the received signal irradiance as previously described is simply the distribution of the signal received from an AWGN channel scaled by the distribution of the fading. This is simply a linear model of the channel, which is an AWGN channel followed by a spatial filter whose optical transfer function replicates the fading. We use this result to determine the instantaneous mutual information of the gamma-gamma channel.
The fading probability distribution function of an AWGN channel is a Gaussian distribution. The instantaneous mutual information of the fading channel is bounded by that of a Gaussian (AWGN) channel. Information theory proves that the Gaussian distribution contains the maximum entropy and therefore also represents the maximum mutual information. As a function of the optical signal irradiance variance 2 p  (which is the normalized signal power) and the two-sided noise power spectral density (PSD) N o , the instantaneous mutual information becomes:
The upper bound of channel capacity is the outage capacity when conditioned upon the probability of failure. The capacity of the gamma-gamma channel is the upper bound of the mutual information of the Gaussian channel scaled by the filtering of the Gaussian-Gaussian channel. Since the ergodic capacity and the Gamma-Gamma distributions are independent, the upper bound is obtained from the product of the Gaussian mutual information upper bound and Gamma-Gamma distributions and then averaging over the irradiances. In this relationship P is the total transmitted power of the MIMO array, i is the received signal irradiance, ψ is a variable dependent upon the distance between the transmitted symbols in the complex signal space (the square of the incremental distance between the points in the transmitted On-Off Keying (OOK) constellation), and ξ is the normalized power per bit (p/R). The maximum capacity is (13):
In this equation the final product term of the integrand is the gamma-gamma fading distribution. The gamma functions Γ(α) and α) quantify the fading contributions from weak and strong turbulence, respectively. The values of α and β are the number of eddy currents in the turbulent atmospheric flow, where is the number associated with the small-scale refractive index changes and scattering, and β being the number of large scale eddy currents associated with strong turbulence [5] . These parameters depend upon the physical dimensions of the FSO system, the wavelength, transmission distance, and altitude:
  , altitude-dependent. The altitude is 100 m. in this study).
The integration in (13) is carried out to produce a closed form solution, resulting in (16): 
where:
conditioned probability that is a function of the gammais Meijer's G-Function [11] .
Error Rate Performance
The error rate performance of the gamma-gamma channel is determined below. In the MIMO receiver some form of combining must be used to coherently add the received signal energy from each of the receivers in the array. The most frequently used combining method is equal gain combining (EGC). In EGC the outputs of the receivers are equally weighted and summed. While optical beamforming methods have been investigated (using complex weighting of the individual receivers' outputs in an attempt to maximize the resultant SNR) EGC remains the dominant method. The probability density function (pdf) of the irradiance (gamma-gamma distribution) is a component of the capacity Equation (13). To determine the error probability with combining at the receiver array we need to modify the irradiance pdf considering the combining gain introduced by the receiver array. The moment generating function resulting from the introduction of diversity combining results a new pdf or gamma fading and the diversity combining (the function f(S) incorporates the subchannel state S which is discussed below) (17):
The error probability conditioned upon the irradiance as a function of the transmitted symbol X, the received symbol X and the PSD is:
where Q(.) is Marcum's Q function. has its own channel st Each channel of the MIMO array ate that is specific to the m th transmitter and the n th receiver which is the subchannel state, mn S . The state of the aggregate MIMO channel S is a linear combination of all the subchannel states for the system consisting of M total transmitters and N total receivers:
With EGC, all the receiver outputs, , are equally w n r eighted. The combined receiver output is therefore:
where ε is a sum of Gaussian random variables, x n :
Having a variance of:
Under the assumption that the channel state information is perfectly known to the receiver the combined receiver output is:
where E S is the energy and I S the irradiance per symbol, respectively. Substituting the combined receiver output from (20) into the OSNR in the expression for the conditioned error probability yields:
Conditioning with the gamma-gamma fading pdf and
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  
We can now calculate the pdf of the tr ch Then: e gamma-gamma capacity Equation (13) into the conditioned error probability (17) results in the bit error probability for the gamma-gamma channel with scattering, where γ is the Mie scattering coefficient (see Equation (26)).  is a chi-square distribution of the M transmitters, Z is the total SNR, z is the SNR at an individual receiver, and w m and a m are the complex weight and amplitude of the m th received signal, respectively.
The radio frequency (RF) segment of the hybrid netw is designed using a cellular topology, similar to that of commercial cellular radio systems. In this study, the cellular RF network consists of twelve cell sites, each with N channels. The allocated bandwidth per user is 30 MHz. As with the optical channel, we apply the fundamental capacity limits of information theory to determine the outage capacity given the total allocated bandwidth and SNR.
The
The pdf of the outage capacity can then be expressed as:
For the beamforming case, the pdf of the outage probability as:
and Ricean fading channels. Ricean fading is often encountered in urban environments containing buildings and other structures that give rise to shadowing and multipath. The outage capacity is determined using two forms of spatial diversity: transmit diversity and beamforming. The transmit diversity scenarios utilizes EGC while the beamforming scenario utilizes equal weighting of each beam.
Using (31), the outage probability is:
The outage probability differs between the beamforming and the transmit diversity system in the number of degrees of freedom of the chi-square distribution. Outage capacit pacity in the optical domain earlier in this paper. As in the optical domain we define the outage capacity as the rate of the channel conditioned upon outage probability. It is the greatest possible data rate with probability 1 -Pr, where Pr is the outage probability:
For transmit diversity the number of degrees of freedom contains the factor of M whereas for beamforming it is fixed at 2.
We consider here two measures of channel capacity in the forward link. The maximum normalized channel capacity is the Shannon capacity, which is equal to log 2 (1+z). Substituting (30) into the Shannon capacity equation we obtain the capacity with transmit diversity as:
ansmit diversity annel capacity is determined using the methods of [5] :
Objective Function
The objective function for the hybrid channel is produced by summing the outage capacity of the optical and RF channels with respect to (w/r/t) to the joint BER. The joint BER is the joint error rate pdf of the optical and RF channels. Since the FSO and RF fading pdfs are independent, the joint BER is the product of the two pdfs. Figure 2 illustrates the objective function for the hybrid FSO/AWGN RF channel with beamforming. The outage capacity of the hybrid channel, in Mbps, is the sum of (16) and (37). The BER is the product of (26) and the AWGN error probability [7] , Figure 3 provides the objective function for the Ricean e total interference-to-noise ratio for Ricean fading is thus (39): 
R
f the hybrid channel is the sum of (16) and (40). The BER is the product of (26) and the Ricean error probability with transmit diversity [7] , F channel with transmit diversity, The outage capacity o
where U is the SIR, U AVG is the average value of U, and δ is the ratio of the power of the diffuse signal components to the direct component. Figure 4 incorporates the Ricean channel with beamforming. The outage capacity of the hybrid channel is the sum of (16) and (41). The BER is the product of (26) and the Ricean error probability with transmit diversity [7] , where N b is the number of beams.
Simulation
The objective function for the FSO and AWGN RF hybrid channel is simulated using the network described in Section 1. The objective function is characterized for the AWGN and Ricean cases by loading the hybrid channel and observing the BER until failure occurs while evaluating the corresponding outage capacities over the gamut of BER in the simulation model. The optical and RF channel parameters used in the simulation are provided in Table 1 . The optical channels are operated as MIMO using 10 transmitters and receivers. A Gaussian optical pulse shape is used for the FSO channels, while for the RF channels a sinc(x) chip shape is used. The optical transmit power is 200 mW, which is typical of contemporary laser diodes. RF transmit powe is 200 mW, an average value of microcell base stations. Due to the high available bandwidth, the FSO channels use OOK modulation (1 bit per symbol) whereas due to limited bandwidth the RF channels use quadrature amplitude modulation (QAM) with two bits per symbol.
A total RF bandwidth of 30 M annels use quadrature amplitude modulation (QAM) and direct-sequence spread spectrum (DSSS) with a processing gain (ratio of spread to unspread bandwidth) of G p = 6. The FSO channels do not use DSSS, therefore G p (44) 
Load Shedding and Correction
BER has increased to 0.24. The PM service observes the increasing BER trend. Prior to allowing the outage capacity to drop below the reduces the offered l channel) from 5.01 × 10 4 to 2.6 × 10 4 Mbps corresponding to a maximum BER of 0.29. Since the offered load is now less than the outage capacity at the actual BER (0.24), which is 3.3 × 10 4 Mbps service of the hybrid channel is restored. The feedback dynamics of the traffic balancing and load-shedding algorithms are designed to effect the required adjustment in traffic while maintaining the actual load at an acceptable margin above the outage capacity at the current BER.
Figures 6 and 7 compare the sensitivity of the objective function with that of a measurement based purely on error rate vs. OSNR in the high BER regime. The derivative of both functions is determined as a measure of the sensitivity of the parameter with respect to the independent variable (in the case of the objective function, the derivative of the outage capacity with respect to the BER, and for the BER/OSNR measurement, the derivative of the BER with respect to the OSNR).
The high BER example here is the same as that in the previous section demonstrating the use of the objective function in a degrading environment. To compare sensitivities in a typical example, we calculate the derivative of the objective function (outage capacity) with respec rming). 0 or 31 -62 dB. The BER vs OSNR sl and can thus effect a significantly faster adjustment of t to BER, and the derivative of the BER with respect to OSNR for the hybrid channel with Ricean RF (beamfo
The first observation made in the high BER regime sensitivity comparison is that the objective function's sensitivity is greater than that of BER vs. OSNR (corresponding to this high BER range) measurement by a factor of 1300 -170 ope is essentially constant in this BER regime while the objective function's slope exhibits an increase with BER. Thresholding based on OSNR/SIR alone often yields less than desirable results since the error rate exhibits a large slope with respect to SNR near the knee of the error rate performance curve. The control system utilizing the objective function is provided with this gain improvement the offered load than one using a BER vs OSNR meas he high BER regime is ery small, starting with an optical MIMO system of 10 transmitters. For any size system above 10, the response of the BER measurement to changes in OSNR is very low compared to that of the outage capacity.
The objective function shows that outage capacity of the network may be traded off for BER. In applications in which the maximum capacity is the most important factor, a higher error rate may be tolerated in favor of high capacity. The outage capacity objective function allows equally reliable and optimal performance monitoring in both types of applications, high capacity/high BER and reduced capacity/low BER. In many applications BERs in the high BER regime are unacceptably high. The previous example applies to cases in which a high BER may be tolerated.
The low BER regime below 0.02 experiences similar behavior. In the low BER regime it is noted that the objective function's sensitivity is once again greater than that of BER vs OSNR. The BER vs OSNR slope exhibits a small variation of −2.1 to −2.4 in this range. In this regime the control system is provided with an average 46 dB of gain improvement. The speed of adjustment of the offered load using the objective function is thus improved using the objective function in low BER regime over that of measuring BER vs OSNR alone. As in the high BER case the slope of the BER vs OSNR measurement in the high BER regime is low, starting with an optical MIMO system of 10 transmitters.
Conclusions
ation is significantly higher than that of n has been characterized for other ments such as Rayleigh and Naka--urement. A significant observation is that the slope of the BER vs OSNR measurement in t v
The sensitivity of the objective function to channel perormance degrad f the BER measurement as demonstrated by the previous comparisons. The derivative of the BER vs OSNR measurement in the high BER regime shows no change between 0.2 and 0.29 BER, and for much of the high BER regime starting with an optical MIMO system of 10 transmitters. For any size system above 10, there is very little response of the BER measurement to changes in OSNR. The control system that is adjusting the offered load based on a BER measurement can effect very little correction in this case, due to low or zero gain, in this regime for large MIMO arrays. As a result of the low sensitivity of BER upon the SIR/SNR and OSNR, the network manager, using these performance metrics, is unable to offload the traffic from degrading channels prior to failure. In contrast, the objective function provides high sensitivity. The NMS will be able to effect an early correction by offloading the degrading channel to in below the outage capacity maintain an acceptable marg before any outage is experienced by the user.
In addition to high sensitivity, the objective function has several major advantages as a performance monitoring parameter over traditional figures of merit including simplicity-it is a function of a single independent variable), ease of measurement-error rate measurement is provided by most optical and RF transmission equipment, cross-domain (FSO and RF) characterization, and intrinsic correction-the objective function continuously provides the adjustment in traffic load required to restore channel operation.
Further Research
The objective functio RF fading environ gami-m, Nakagami-n, and Nakagami-c. Research is also conducted to characterize the objective function with the
